Abstract. -Short term corrosion tests in D 2 0 at 573 K (pH = 10.5) of Zr-2.5wt% Nb containing small, deliberate additions of impurity elements have shown that elements such as Sn, Fe, Cr, V and Si lead to total weight gains lower than a set of Zr-2.5Nb controls. Low total weight gains did not always convert to low deuterium pickups. Low Cr and Fe additions resulted in relatively low deuterium uptakes but high Fe and Sn, in any concentration, caused high deuterium uptake values. Ni additions resulted in high specimen to specimen variability and high percent theoretical deuterium uptakes.
Introduction.
This publication discussed results from an investigation into the relative importance of individual impurities found in Zr-2.5Nb in conferring or reducing the alloy's ability to resist hydrogen isotope absorption. The present data are insufficient to confirm, deny or modify existing theories [I].
Experimental.
An impurity element, X, at a concentration of x, (ppm by wt) was added to Zr-2.5Nb to form the ternary Zr-2.5Nb-xX. Some elements, such as Fe, were already present in the Zr-2.5Nb stock material at significant concentrations and this was accounted for in the final determination of x. Control specimens were fabricated using the same melting, heating and homogenization route as the ternary alloys. Both the alloys and the controls were corroded in autoclaves at 573 K, 8.6 MPa in D 2 0 at a pH (pD) of 10.5 (room temperature). Specimen preparation, details of the corrosion environment, weighing procedures and other details were reported previously [2] .
Results and discussion.
The alloy microstructure is an important factor in determining the corrosion rate and is likely to influence the amount of deuterium absorbed. Some elements are a-Zr stabilizers (such as oxygen and tin) while others (such as Nb) stabilize the metastable 0-Zr phase. Therefore, depending on the impurity addition, microstructures can radically change. Figure 1 shows six microstructures. For Fe, random and small precipitates can be detected for an addition of 800 ppm Fe (7820 ppm at), the precipitate distribution appears to be random, neither favouring the a-or P-Zr phases (or the boundaries). The effect, if any, of these precipitates on the weight gain data of figure 2 is small, (10 to 15% maximum). For an as yet unknown reason, Fe additions reduce the average corrosion rate relative to the controls. The total weight gained by a specimen during corrosion arises from two sources; oxygen pickup (in the form of an oxide film) and absorption of deuterium in the bulk of the alloy. The two components have been resolved in this study, however, some ambiguity exists since only single specimens can be analyzed. Tests begin with approximately 30 specimens per batch. As the exposure history increases, the number of specimens decreases since on each occasion that the corrosion test is interrupted for weight gain measurements, one coupon is withdrawn for destructive analysis. The decreasing number is not a problem if each specimen performs identically. Unfortunately, significant variability often exists and the investigator must decide which specimen to use for analysis. Ni additions result in much variability, sometimes by an order of a magnitude. After 1 19 days of exposure the Zr-2.5Nb-4000 ppm Ni batch contained specimens with total weight gains of40,390 (average) and 600 mg/dm2. In such extreme cases all three specimens were analyzed and the "average" value used as a data point. The high and low values were also analyzed for the Percent Theoretical Pickup (PTP, discussed later) and compared with the average. Figures 3 and 4 give the percent deviation from the average control specimen behaviour. At 40 days the weight gain variation for the controls was approximately 25%. The variation for deuterium and oxygen pickups is unknown, only one to three specimens are analyzed at any given exposure. The average control specimen values at 40 days were 49 and 0.18 mg/drn2 for oxygen and deuterium, respectively.
Examination of figures 3 and 4 indicates that some ternaries included in the latter are not represented in the former. The reason is oxide spalling of the 1000 ppm A1 and 4000 ppm Si ternaries. Deuterium pickup values were not available for the 4500 ppm Cr and 250 ppm Mn ternaries. The deuterium weight gain for the 4000 ppm Ni ternary was too large (16 mg/dm2) for inclusion in figure 4 . The relative behaviour of the various ternary alloys is similar in both figures 2 and 3. For example, < 1000 pprn V reduces oxidation, i.e., alloys with different concentrations cannot be distinguished from each other by their weight gains. Sn additions are uniformly beneficial in reducing oxygen pickup. Ni ternaries are particularly reactive, peaking at about 300 ppm. The largest total weight gain is for 3600 pprn Mn (excluding 4500 pprn Cr for which oxygen pickup data was not available) closely followed by 300 pprn Ni. The relative importance of Ni and Mn are reversed in the oxygen pickup data which suggests that 3600 pprn Mn has a large deuterium component in the total weight gain. This is confirmed in figure 4 . Based on figure 3, alloys containing < 1000 pprn Si, P or V, Cr with < 500 ppm, Fe up to the tested maximum of 5000 ppm, or Sn up to 10000 pprn significantly reduced the overall corrosion rate relative to the Zr-2.5Nb controls.
In figures 2 to 4, the Zr-2.5Nb-800 pprn V alloy appears to be out of sequence. The pickup values for this alloy are higher than those with both less and with more vanadium. The reason for this unexpected behaviour is unknown, but a likely explanation is incorrect chemical analyses or alternatively, inhomogeneous mixing.
For in-reactor usage, the total weight gain and oxygen pickup values are not as important as the amount of deuterium absorbed by an alloy. Figure 4 , gives this detail. When compared with figures 2 and 3, it can be seen that oxygen pickup is not strongly dependent on Fe concentration; however, deuterium absorption continuously increases up to 4000 pprn at which point the alloy and controls behave the same. Sn additions (for at least the first 40 days) significantly increase deuterium absorption. The short-term nature of our results do not indicate whether Sn will continue to absorb greater than normal amounts of deuterium. Experience with CANDU(l) nuclear reactors [3, 41 has indicated that Zircaloy-2, which contains 1.2 to 1.7 wt% Sn, is more susceptible to deuterium pickup than Zr-2.5Nb.
A common method used in the nuclear industry to display deuterium pickup data is to plot the Percent Theoretical Pickup (PTP) as a function of corrosion time. For PTP, one assumes that the corrosion process results from the break up of a water molecule into one atom of oxygen and two atoms of hydrogen. One hundred percent theoretical pickup corresponds to two hydrogen atoms being absorbed by the alloy for every oxygen atom incorporated into the oxide. The PTP values in figure 5 were derived from figures 3 and 4.
The nickel ternaries are an example of when the PTP should not be used to assess the susceptibility of an alloy to deuterium absorption. For most nickel ternaries, the PTP is less than 1% (see Fig. 5 ), which suggests a better performance than the controls specimens for which the PTP is 1.5%. However, the nickel alloys, because of their high corrosion rates absorb undesirable amounts of deuterium (Fig. 4) . The same argument is true for the 3600 pprn Mn ternary. An opposite trend exists for most of the vanadium ternaries, a small amount of deuterium is absorbed but the PTP is high.
During the first few days of corrosion, when the oxide film is thin, the passage of a deuterium ion through the oxide film is enhanced by a high electric field, i.e., the corrosion potential is fixed but the film is thin so the field is high. The positive deuterium ion is attracted by the negative potential at the oxidelmetal interface. The passage of the deuterium ion is further enhanced by pitting-type dissolution of the oxide film by the lithiated D20. When the oxide is thicker, the field strength is lower and small amounts of localized dissolution are not significant. Hence, after several days of corrosion most of the alloys display approximately the same PTP, see figure 6 .
On a long term basis, deuterium absorption is likely controlled by a constant thickness barrier or an interface reaction. The more or less constant ingress rate of 1 to 5% is indicative of a barrier layer of constant, or slightly increasing thickness. Such layers are known to exist next to the oxidelmetal interface [5] . Alternatively, the same effect could be achieved by control at either the outer or inner interfaces, i.e., by the rate of reduction of the water molecule or the rate of incorporation of the deuterium ion into the metal. Our data are insufficient to answer the question of whether control is by an interface but, if it was, we would favour the outer interface and the water reduction process being modified by the composition of the oxide (impurity ions modifying local potentials or conductivities).
Zr-2.5Nb-800 ppm V Our preference is to assume that long term deuterium ingress is controlled by an inner barrier layer. As shown in figure 7, when the 800 ppm V ternary experienced a sudden increase in the oxidation rate (at 10 days), the PTP dropped from 2.6 to 0.85%. The sudden decrease in the PTP is reasonable and totally explainable if the rate of deuterium incorporation remains constant but the rate of oxide growth is accelerated, i.e., the barrier to oxide film growth was removed but the barrier to deuterium ingress remained constant. It is the lack of an immediate and large response in the ingress rate which suggests control by a constant thickness barrier layer.
Sn additions to Zr-2.5Nb lead to high deuterium ingress rates which decay to more acceptable levels after a few months of corrosion. The high rates may reflect the proposed ingress mechanism. For example, Sn suppresses oxide film growth which means that field assisted diffusion of the deuterium ion will be operational longer than for the other ternaries. Further, dissolution effects of the lithiated D 2 0 will also be more important. In the Zircaloy's, which have high Sn concentrations, it has been reported that the inner barrier layer is very thin or non-existent. This is perhaps why the Zircaloys are susceptible to deuterium pickup.
Because of the very high or sudden increase in deuterium pickup values as a function of concentration (see Fig. 4 ), it is suspected that precipitate formation may be occurring at critical concentrations for the Si, V, and Mn ternaries. This has yet to be investigated. For Sn, there are no obvious precipitates but the PTP is higher than for most other alloys (Fig. 6). 
Conclusions.
Total weight gains from short out-reactor corrosion tests of Zr-2.5Nb-XX type alloys cannot be used to determine relative resistances to deuterium ingress. PTP's are also an unreliable guide. I n some instances, where PTP's are low (Ni additions) the corrosion rate is high and this leads to large deuterium pickups. Our data show that PTP values should not be used to rank an alloy's susceptibility to deuterium pickup. The only useful measure is the obvious: deuterium weight gain as a function of exposure. It is suggested that Zr-2.5Nb-low Cr, V or Fe alloys should have a superior resistance to deuterium ingress than standard Zr-2.5Nb. Sn additions lead to higher than usual deuterium pickup values.
